The giant fl ightless terror bird Titanis walleri is known from Florida and Texas during the late Neogene. The age of T. walleri is problematic because this taxon co-occurs with temporally mixed (i.e., time-averaged) faunas at two key sites. Thus, prior to this study, T. walleri from the Santa Fe River, Florida (type locality), was either as old as late Pliocene (ca. 2.2 Ma) or as young as latest Pleistocene (ca. 15 ka). Likewise, T. walleri from the Nueces River, Texas, was either early Pliocene (ca. 5 Ma) or latest Pleistocene (ca. 15 ka). In order to better resolve this age range, the rare earth element (REE) patterns of T. walleri from the Santa Fe River, Florida, were compared to two biochronologically distinctive groups (late Pliocene versus late Pleistocene) of fossil mammals from the same locality. Similarly, the REE patterns of T. walleri from Texas were compared to two groups (early Pliocene versus latest Pleisto cene) of fossil mammals from the same locality. The REE patterns of T. walleri from Florida are indistinguishable from those of the co-occurring late Pliocene mammals. Likewise, the REE pattern of T. walleri from Texas is indistinguishable from those of the co-occurring early Pliocene mammals. Given these REE constraints, the revised age of T. walleri is early Pliocene in Texas (ca. 5 Ma) and late Pliocene (ca. 2.2-1.8 Ma) in Florida. As such, T. walleri is interpreted as an early immigrant during the Great American Interchange prior to the formation of the Isthmian land bridge. No evidence currently exists for Pleistocene T. walleri in North America.
INTRODUCTION
The geological development of Central America during the Neogene signifi cantly affected the historical biogeography of terrestrial vertebrates. Native faunas from South America dispersed northward and those from North America dispersed southward during the Great American Interchange (GAI), starting about 2.5 Ma (e.g., Webb, 1985) . An early phase of the GAI occurred during the late Miocene and early Pliocene before the Isthmian closure, with dispersal resulting from island hopping across southern Central America. Thereafter, the greatest degree of faunal mixing during the GAI occurred after the Panamanian land bridge formed during the early Pliocene, ca. 4.5-3.5 Ma (Coates and Obando, 1996; Haug et al., 2001; Gussone et al., 2004) .
The giant (~1.4-1.9 m high, ~150 kg; Gould and Quitmyer, 2005 ) fl ightless terror bird Titanis walleri ( Fig. 1 ) is traditionally considered a northward immigrant during the post-Isthmian phase of the GAI in the late Pliocene and Pleistocene (e.g., Webb, 1985) . T. walleri is found at four late Neogene localities in Florida and Texas (Fig. 2) . The exact ages of these occurrences are problematical because at two sites (Santa Fe River, Florida, and Nueces River, Texas), T. walleri co-occurs with temporally mixed mammals ranging in age from early Pliocene (ca. 5 Ma, Texas), to late Pliocene (ca. 2.2 Ma, Florida), to late Pleistocene (ca. 15 ka, both Texas and Florida) .
In this paper we use differences in the relative uptake of rare earth elements (REEs) in fossil bones within these mixed faunas to resolve the age of T. walleri. This revised age for T. walleri has signifi cant ramifi cations for the timing of northward dispersal during the GAI and subsequent extinction. The relevant North American Land Mammal Ages are used: Blancan, Pliocene, 4.9-1.7 Ma; Hemphillian, late Miocene-early Pliocene, 9-4.9 Ma; Rancholabrean, late Pleistocene, ca. 0.4 Ma to ca. 10 ka (Tedford et al., 2004; Bell et al., 2004) . 
FOSSIL BONE TAPHONOMY AND RARE EARTH ELEMENTS
Within the past decade, studies of diagenetic uptake of REE during bone fossilization have clarifi ed time-averaged vertebrate faunas and faunal sequences in a wide range of examples in the fossil record (e.g., Plummer et al., 1994; Trueman and Benton, 1997; Metzger et al., 2004; Martin et al., 2005) . REEs occur in very low abundances (ppb) in living vertebrate skeletal tissues, but are rapidly taken up and concentrated (as high as 10 3 ppm, or greater, depending upon the pore-water chemistry) during early diagenesis. This process begins within a few years after death (Trueman et al., 2004) and probably continues for as long as 10-30 k.y. (Patrick et al., 2001) . Once altered during early diagenesis, fossil bones are not prone to additional trace element uptake or exchange (Trueman and Tuross, 2002) . The relative concentrations of REEs in fossil bones refl ect the geochemical conditions and redox potential within local pore waters at the time of diagenetic recrystallization (Henderson et al., 1983) . As local pore-water chemistry subsequently changes, fossils deposited in younger sediments potentially have different REE patterns. Likewise, pore-water compositions potentially vary spatially as well as temporally. Bones initially deposited in different geochemical environments but subsequently reworked together can also be distinguished by their REE patterns.
PREVIOUS STUDIES AND GEOLOGICAL CONTEXT Florida: Late Pliocene (ca. 2.2 Ma) or Latest Pleistocene (ca. 15 ka)?
Giant fossil bird bones were discovered from alluvium in the Santa Fe River, Florida, in 1962 (Fig. 2; Ray, 2005) . Brodkorb (1963) described these fossils as a new genus and species, Titanis walleri, within the family of extinct large fl ightless birds Phorusrhacidae, previously known from the Cenozoic of South America. Based on associated "Pleistocene indicators among the edentates, rodents, perissodactyls, and artiodactyls" from these Santa Fe River alluvial deposits, Brodkorb (1963, p. 115) (Hulbert, 2001) , the latter consisting of diagnostic Blancan species, including the South American immigrant edentates (armadillo-like Holmesina fl oridanus, glyptodont Glyptotherium arizonae, and ground sloths Glossotherium chapadmalense and Megalonyx leptostomus), North American endemic hyena (Chasmaporthetes ossifragus), dog-like carnivores (Borophagus diversidens and Canis lepophagus), peccary (Platygonus bicalcaratus), llama ( Hemiauchenia blancoensis), pronghorn antelope (Capromeryx arizonensis), and threetoed horse (Nannippus peninsulatus; Morgan and Hulbert, 1995; Hulbert, 2001; Bell et al., 2004; Morgan, 2005) . These Blancan mammals, therefore, call into question the late Pleistocene age for T. walleri in this fauna. Furthermore, remains of T. walleri were subsequently reported from two other localities in Florida, Port Charlotte and Inglis 1A ( Fig. 2 ; Gould and Quitmyer, 2005) , associated with late Pliocene (late Blancan, ca. 2.2 Ma) and latest Pliocene (latest Blancan, ca. 1.8 Ma) mammals, respectively. Despite its ambiguous association with ca. 15 ka faunas (possibly indicating a late survival) in the Santa Fe River, several authors have indicated that T. walleri in Florida represents a Pliocene northward dispersal event during the GAI ca. 2.5 Ma and extinction during the Pleistocene (e.g., Webb, 1985; Morgan, 2005) .
Texas: Early Pliocene (ca. 5 Ma) or Latest Pleistocene (ca. 15 ka)?
A toe bone of T. walleri was found in a late Pleistocene sand and gravel pit near Odem in the Angelina terrace fi ll deposits along the Nueces River (Fig. 2) . These deposits have also yielded latest Pleistocene (Rancholabrean) mammals, including mammoth (Mammuthus) and Bison. A 14 C age of 13,230 ± 110 yr B.P. (SMU 2306; Baskin, 1995) was determined on wood from the next younger terrace unit at a gravel pit 20 km upstream from Odem (Cornish and Baskin, 1995) . In addition, the terrace fi ll sequence has yielded early Pliocene (latest Hemphillian) horses, including Astrohippus, Nannippus, and Neohipparion, clearly indicating a time-averaged fauna. Despite the lack of obvious abrasion, these horses were probably transported 15-25 km from their most likely original source, the upper Goliad Formation (Baskin, 1991) . Baskin (1995) inferred that T. walleri from the Nueces River was late Pleistocene primarily because it had previously been reported as a post-2.5 Ma immigrant during the GAI (e.g., Webb, 1985) and therefore could not be early Pliocene (ca. 5 Ma).
SAMPLES AND METHODS
Fossil bones from the two localities studied here are time-averaged, taphonomically mixed assemblages. Individual bones of unambiguous taxonomic affi nity were allocated to one of the two biochronologically distinct groups from each locality, i.e., for Florida, either Blancan (n = 17) or Rancholabrean (n = 20), and for Texas, either Hemphillian (n = 9) or Rancholabrean (n = 10). For this analysis, the T. walleri specimens ( Florida, n = 6; Texas, n = 1) are considered the unknowns. The REE patterns produced are used to compare T. walleri with the biochronologically distinct groups of fossil mammals.
We removed ~5-10 mg of cortical bone from each fossil specimen using a slow-speed rotary drill. In order to remove organic matter and other potential contaminants and insoluble residues, these specimen powders were weighed, placed in clean Savillex vials, dissolved with 1 mL of 3 M HNO 3 , and heated overnight on a hotplate. Samples were then cooled and dried on a hot plate. The resulting dried sample was then weighed and dissolved with 2 mL of 5% HNO 3 , and heated again overnight on a hot plate. The necessary weight for the samples was then calculated in order to dilute each sample by a factor of 2000 for the addition of 3 mL of 5% HNO 3 . The weighed samples were placed in cleaned, clear, 4 mL plastic cups and the 3 mL of 5% HNO 3 was added. These samples were then analyzed for bulk REE concentrations on a Thermo Finnigan ELEMENT2 inductively coupled plasma-mass spectrometer (ICPMS) in the University of Florida Department of Geological Sciences. The analytical error on elemental analyses ranges from 0.002 to 5 ppm. Samples were run with internal standards and bone ash (NBS SRM 1400) and then corrected for instrument drift to obtain bulk REE concentrations. Of the 15 REE (excluding Pm [promethium], Z = 61), 14 were analyzed during this procedure. The REE concentrations reported here are normalized to Post-Archean Australian Shale (PAAS; McLennan, 1989) , and indicated by REE N . Statistical analyses were done using XLSTAT Pro 7.5. A complete list of fossil specimens, localities, age, analytical results, and individual specimen REE N plots are presented in the GSA Data Repository (Table DR1 and Figs. DR1-DR6   1 ).
RESULTS AND STATISTICAL ANALYSES Florida
The graphical discrimination of the REE N patterns of the Blancan versus Rancholabrean samples ( Fig. 3A ; see also Figs. DR-DR3) is compelling, as is the almost identical overlay of the T. walleri specimens with the Blancan mammals from Florida. The pattern of the mean sample populations of 14 REE N values is relatively fl at for the Rancholabrean speci-mens, but increases sharply in the middle (M) REE N and heavy (H) REE N for both the Blancan specimens and T. walleri. In addition to the compelling graphical evidence, regardless of whether one looks at parametric (Student's t) or nonparametric (Mann-Whitney U) tests for Σ REE N (sum of all 14 elemental values), log Σ REE N , or ratios expressing the relative change in values (a proxy of slope and overall pattern) for light (L)REE N (La, Ce), MREE N (Gd), and HREE N (Ho; as exemplifi ed by Fig. 3B ), in all cases: (1) T. walleri is indistinguishable (probability level, p, > 0.05) from the Blancan mammals; and (2) both T. walleri and the Blancan mammals are signifi cantly different from the Rancholabrean mammals (p < 0.001).
The relative amount of scatter (Fig. 3B) for the Rancholabrean versus Blancan/T. walleri ratios has interesting implications for either the amount of time represented by each sample population, or the rate of change of surrounding pore waters. Thus, the tight Rancholabrean cluster could indicate that these fossils underwent diagenesis during a relatively short interval of time, accumulated with relatively little transport, and/or the local porewater chemistry remained relatively constant. In contrast, the more scattered Blancan/T. walleri cluster could indicate that these fossils represent longer time averaging, greater spatial accumulations, and/or that the local porewater chemistry changed relatively rapidly during this interval.
Texas
The graphical representation of the REE N patterns [ Fig. 4A ; Figs. DR4-DR6 (see footnote 1)] indicates that the one T. walleri specimen has higher total REE concentrations than either those of the Rancholabrean or Hemphillian. The Rancholabrean mammals have an increased Eu enrichment in contrast to either the Hemphillian mammals or T. walleri. In terms of the same parametric and nonparametric statistics (as for Florida), the ΣREE N and log ΣREE N are marginally nonsignifi cant (0.056 < p < 0.142), indicating an overlap of the Hemphillian and Rancholabrean data sets. This marginally insignifi cant difference probably results from the smaller sample sizes available. Nevertheless, analyses of MREE N versus HREE N ratios (Fig. 4B) indicate statistically signifi cant (p < 0.001) differences between the Hemphillian and Rancholabrean samples. Thus, the T. walleri specimen is graphically indistinguishable from the Hemphillian mammals (Fig. 4B) .
DISCUSSION
The REE N data presented here have important implications for the timing of dispersal and extinction of T. walleri in North America. Previous studies have shown that the Panamanian land bridge formed during the early Pliocene between ca. 4.5 and 3.5 Ma (Coates and Obando, 1996; Haug et al., 2001; Gussone et al., 2004) . It has traditionally been thought that the fi rst overland dispersal of land mammals during the GAI occurred during the late Pliocene, ca. 2.5 Ma (Webb, 1985) . T. walleri from the Blancan of Florida was previously interpreted as having been part of this initial wave of overland immigrants (Webb, 1985; Hulbert, 2001; Morgan, 2005) ; it was thought to have persisted into the latest Pleistocene (latest Rancholabrean), ca. 15 ka, based on the initial age interpretation (Brodkorb, 1963) and from the more recently reported evidence from Texas (Baskin, 1995) . These biochronological and paleobiogeographical interpretations now have to be revised signifi cantly.
Unless REE signatures remained static throughout the Pliocene, the evidence from Texas indicates that T. walleri fi rst occurred in North America during the early Pliocene (latest Hemphillian). This immigration at ca. 5 Ma is earlier than either the completion of the Panamanian land bridge or the initial phase of land-based northward dispersal. Therefore, T. walleri is interpreted to have been part of a pre-land bridge northward dispersal in the early Pliocene that resulted in a recently recognized earlier phase of dispersal during the GAI that is well documented in central Mexico (Flynn et al., 2005) . The mode of dispersal probably occurred by island hopping through Central America or the Caribbean.
In Florida T. walleri fi rst occurs during the late Pliocene, ~2.2 Ma. Its last occurrence in Florida, rather than indicating a range extension into the latest Pleistocene, is now revised to be from the latest Pliocene (latest Blancan Inglis 1A locality), ~1.8 Ma. The extinction of this top carnivore T. walleri and other phorusrhacids throughout the Americas during the late Pliocene may have resulted from competition with large placental (canid, felid, and possibly ursid) carnivores that radiated in the same ancient terrestrial ecosystems during the GAI (Webb, 1985) .
CONCLUDING COMMENTS AND PERSPECTIVE ON FUTURE RESEARCH
REE patterns preserved in fossil bones during early diagenesis can be used to refi ne age estimates in taphonomically time-averaged faunas. When such faunas have end-member (older, younger) taxa that are biochronologically diagnostic, then other taxa of uncertain age (e.g., T. walleri) within this assemblage can be resolved by comparing REE patterns. The relatively small amount of sample required (5-10 mg), relative ease of preparation, and short amount of analytical time on the ICPMS together yield a cost-effective relative dating method when the circumstances described here are met. Analyses of REE preserved in vertebrate fossils have the potential to elucidate a broad range of age-related questions in the fossil record.
